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Organic Single-Crystal Field-Effect Transistors
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We present an overview of recent studies of the charge transport in the field effect transistors
on the surface of single crystals of organic low-molecular-weight materials. We first discuss in de-
tail the technological progress that has made these investigations possible. Particular attention is
devoted to the growth and characterization of single crystals of organic materials and to different
techniques that have been developed for device fabrication. We then concentrate on the measure-
ments of the electrical characteristics. In most cases, these characteristics are highly reproducible
and demonstrate the quality of the single crystal transistors. Particularly noticeable are the small
sub-threshold slope, the non-monotonic temperature dependence of the mobility, and its weak de-
pendence on the gate voltage. In the best rubrene transistors, room-temperature values of µ as
high as 15 cm2/Vs have been observed. This represents an order-of-magnitude increase with re-
spect to the highest mobility previously reported for organic thin film transistors. In addition, the
highest-quality single-crystal devices exhibit a significant anisotropy of the conduction properties
with respect to the crystallographic direction. These observations indicate that the field effect tran-
sistors fabricated on single crystals are suitable for the study of the intrinsic electronic properties of
organic molecular semiconductors. We conclude by indicating some directions in which near-future
work should focus to progress further in this rapidly evolving area of research.
PACS numbers: 71.20.Rv, 72.80.Le, 73.40.Qv
I. INTRODUCTION
The electronic properties of Van-der-Waals-bonded or-
ganic semiconductors are profoundly different from those
of covalently/ionically-bonded inorganic semiconductors
[1, 2]. In the highly-polarizable crystal lattices of organic
semiconductors, the electron-phonon coupling is usually
strong and the inter-molecular hopping amplitude small.
This results in the formation of self-trapped states with
a size comparable to the lattice constant, i.e., the small
polarons. The electronic, molecular and lattice polariza-
tion plays a key role in determining transport in organic
materials, as polaronic effects ”shape” both the dc trans-
port and optical properties of these materials. Because of
a very complicated character of the many-particle inter-
actions involved in polaron formation, this problem has
been treated mainly at the phenomenological level (see
Chapter 7 in Ref. [1]). Many basic aspects of this prob-
lem have not been addressed yet, and a well-developed
microscopic description of the charge transport in organic
materials is still lacking.
Until recently, the experimental study of the low-
frequency intrinsic electronic properties of organic semi-
conductors have been performed only on bulk ultra-
pure crystals [3, 4]. In the time-of-flight (TOF) experi-
ments by the group of Norbert Karl at Stuttgart Uni-
versity [5, 6], it has been found that the mobility of
non-equilibrium carriers generated by light absorption in
ultra-high-purity oligomeric crystals can be as high as 400
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cm2/Vs at low temperatures (the latter µ value is com-
parable to the mobility of electrons in Si MOSFETs at
room temperature). This behavior suggests that coher-
ent, band-like polaronic transport is possible in crystal
of small organic molecules.
To further investigate the electronic properties of or-
ganic materials, it is important to go beyond the TOF
measurements. One of the alternative techniques to
probe the charge transport on a semiconductor surface
is based on the electric field effect [7]. Continuous tuning
of the charge density induced by the transverse electric
field enables the systematic study of charge transport, in
particular the regime of large carrier density that can-
not be accessed in the TOF experiments. The field ef-
fect forms the basis for operation of silicon field-effect
transistors (FETs), the workhorses of modern inorganic
electronics. The field-effect technique is also becoming
increasingly popular in the fundamental studies as a con-
venient method to control the behavior of strongly cor-
related electron systems such as high-temperature super-
conductors (see, e.g., [8]) and colossal magnetoresistance
manganites [9]. Other recent examples of applications of
this remarkably simple and very successful principle are
the electric-field tuning of the metal-insulator transition
in cuprates [10] and vanadium oxides [11], and the elec-
trostatic control of ferromagnetism in Mn-doped GaAs
[12].
Organic semiconductors are, in principle, well suited
for the field-effect experiments. Owing to the weak van-
der-Waals bonding, the surface of organic semiconductors
(e.g., polyacenes [13, 14] and conjugated polymers [15]) is
characterized by an intrinsically low density of dangling
bonds that can act as the charge traps, and, hence, by
a low threshold for the field effect. This fact is at the
2origin of the rapid progress of organic field-effect transis-
tors based on thin film technology, i.e., organic thin-film
transistors (OTFTs) [16, 17].
Unfortunately, thin-film transistors are not suitable
for the study of intrinsic electronic properties of or-
ganic conductors, because their characteristics are often
strongly affected by imperfections of the film structure
and by insufficient purity of organic materials (see, e.g.,
[17, 18, 19]). As a consequence, these devices commonly
exhibit an exponential decrease of the mobility of field-
induced charge carriers with lowering temperature [20].
This behavior contrasts sharply a rapid increase of µ
with decreasing temperature, observed in the TOF exper-
iments with bulk ultra-pure organic crystals [5, 6]. Be-
cause of a very strong dependence of the OTFT parame-
ters on fabrication conditions, some researchers came to
a pessimistic conclusion that even the best organic TFTs
”may not be appropriate vehicles for illuminating basic
transport mechanisms in organic materials” [21].
To explore the intrinsic electronic properties of organic
materials and the physical limitations on the performance
of organic FETs, devices based on single-crystals of or-
ganic semiconductors are needed, similar to the single-
crystal structures of inorganic electronics. One of the
major impediments to realization of the single-crystal
OFETs is the lack of hetero-epitaxial growth technique
for the Van-der-Waals-bonded organic films. In this situ-
ation, the only viable option to study the intrinsic charge
transport on the surface of organic semiconductors is to
fabricate the field-effect structures on the surface of free-
standing organic molecular crystals (OMCs). However,
fabrication of single-crystal OFETs poses a technological
challenge. Because the surface of OMCs can be damaged
much more easily than that of their inorganic counter-
parts, organic materials are by and large incompatible
with conventional microelectronic processing techniques
such as sputtering, photolithography, etc. This is why
the systematic investigation of single-crystal OFETs has
been carried out only very recently [22, 23, 24, 25, 26, 27],
after the successful development of a number of novel fab-
rication schemes (for earlier work see [28, 29]).
Realization of the single-crystal OFETs opens a new
avenue for the study of charge transport in highly ordered
molecular systems. The use of single-crystal OFETs as
an experimental tool enables the investigation of aspects
of charge transport in organic materials that could not
be addressed in the TOF experiments. One of the impor-
tant distinctions between these two types of experiments
is the magnitude of carrier densities. Very low densities
of charge carriers in the TOF experiments make interac-
tions between them insignificant. At the same time, in
the field-effect experiments with organic materials, where
accumulation of ∼ 1 carrier per molecule seems to be fea-
sible with the use of high-k dielectrics, these interactions
could play a major role. Indeed, it is well-known that at
a sufficiently high density of chemically-induced carriers,
the potassium-doped fullerene KxC60 exhibits supercon-
ductivity (x = 3) and a Mott-Hubbard insulating state
(x = 4) [30]. This example illustrates a great potential
of experiments with the single-crystal OFETs.
The first working FET on the surface of a free-standing
organic molecular crystal has been fabricated a year ago
[22]. Though this field is in its infancy, the progress
has been remarkably rapid, with new record values of
carrier mobility for OFETs being achieved, new promis-
ing organic materials being introduced, and new de-
vice processing techniques being developed. In this re-
view, we discuss the new techniques responsible for the
progress, the state-of-the-art characteristics of single-
crystal OFETs, and the experiments that show that de-
velopment of single-crystal OFETs enables investigation
of intrinsic electronic properties of organic materials. In
the future, the combined efforts of experimenters and the-
orists, physicists and chemists will be required to reveal
the full potential of this research area. We hope that this
paper will provide a timely source of information for the
researchers who are interested in the progress of this new
exciting field.
The structure of this review is as follows. In Section II,
we present an overview of the organic crystal growth and
techniques for the single-crystal OFET fabrication, with
a special attention paid to the crystal characterization.
Discussion of the single-crystal OFET characteristics in
Section III focuses on revealing the intrinsic transport
properties of organic semiconductors. Finally, in Sec-
tion IV, we summarize the main results, and attempt to
predict the directions of rapid growth in this fascinating
research field.
II. FABRICATION OF SINGLE-CRYSTAL
ORGANIC FETS
The successful realization of FETs on the surface of
organic molecular crystals (OMC) is an important mile-
stone in the research of electronic transport in organic
semiconductors. For the first time, it opens the oppor-
tunity to study the intrinsic behavior of charges at the
organic surface, not limited by structural defects. Fabri-
cation of single organic crystal FETs comprises two main
steps: the growth of an organic crystal with atomically-
flat surface and preparation of the field-effect structure
on this surface. In this section we discuss both aspects,
paying special attention to the crystal characterization
and to the analysis of advantages and limitations of dif-
ferent fabrication methods.
A. Single-crystal growth
Most of the single crystals used so far for the fabrica-
tion of organic FETs have been grown from the vapor
phase in a stream of transport gas, in horizontal reac-
tors (glass or, better, quartz tube) [31, 32] (for a notable
exception, in which the crystals have been grown from
solution, see Ref. [33]). In the Physical Vapor Trans-
3FIG. 1: Schematic overview of crystal growth system. Or-
ganic material sublimes at temperature T1, is transported
through the system by the carrier gas and recrystallizes in
the cooler end of the reactor. Heavy impurities (with a vapor
pressure lower that that of the pure organic compound) re-
main at the position of the source material. Light impurities
(with a vapor pressure higher than that of the pure organic
compound) condense at a lower temperature, i.e. at a dif-
ferent position from where the crystals grow. Therefore, the
crystal growth process also results in the purification of the
material.
port (PVT) method, the starting material is placed in
the hottest region of the reactor, and the crystal growth
occurs within a narrow temperature range near its cold
end (see Fig. 1). For better separation of larger and,
presumably, purer crystals from the rest of re-deposited
material along the tube, the temperature gradient should
be sufficiently small (typically, 2− 5oC/cm).
Several ultra-high-purity gases have been used as a car-
rier agent: in Ref. [24], the highest mobility of tetracene-
based devices was realized with argon, whereas the best
rubrene FETs fabricated so far have been grown in pure
H2 [22, 23]. In the latter case, hydrogen has been cho-
sen after comparison of the field-effect characteristics of
rubrene crystals grown in Ar, N2, and H2 atmospheres.
It is unclear at present how exactly the transport gas af-
fects the crystal quality; uncontrollable variations of the
crystal quality might be caused by the residual water va-
por and oxygen in the reactors. Photo-induced reactions
with O2 are known for most organic molecules [34] and
the products of these reactions can act as traps for charge
carriers. To minimize possible photo-activated oxidation
of organic material, the reactors should be pumped down
to a reduced pressure P ≃ 10−2 mbar prior to the crystal
growth, and the growth should be performed in the dark.
FIG. 2: (a) Result after first regrowth of as-purchased or-
ganic material. Purified crystals are visible in the middle;
the dark residue present where the source material initially
was and the light (yellow) material visible on the right are
due impurities. (b) At the end of the second regrowth no
dark residue is present at the position of the source material,
which demonstrate the purifying effect of the growth process.
Several factors affect the growth process and the qual-
ity of the crystals. Important parameters are, for in-
stance, the temperature in the sublimation zone, Tsblm
and the gas flow rate. Many other factors can also play a
role: e.g., acoustical vibrations of the reactor in the pro-
cess of growth might affect the size, shape, and quality
of the crystals. For each material and each reactor, the
optimal parameters have to be determined empirically.
At least in one case (the rubrene-based OFETs [23]), it
has been verified that the slower the growth process, the
higher the field-effect mobility. For this reason, the tem-
perature of sublimated organic material was chosen close
to the sublimation threshold. The crystal growth in this
regime proceeds by the flow of steps at a very low rate
(≤ 5 × 10−7 cm/s in the direction perpendicular to the
a-b plane), and results in a flat surface with a low density
of growth steps [35]. As an example, sublimation of 300
mg of starting material in Ref. [23] took up to 48 hours
at Tsblm = 300
oC.
Another important parameter is the purity of the start-
ing material. As the crystal growth process also results
in the chemical purification of the material, several re-
growth cycles may be required for improving the field-
effect mobility, with the grown crystals used as the start-
ing material for the subsequent re-growth. The number
of required re-growth cycles depends strongly on the pu-
rity of starting material. Figure 2 illustrates the need
for several re-growth cycles in the process of the growth
of tetracene crystals. Despite the nominal 98% purity of
the starting tetracene (Sigma-Aldrich), a large amount of
residue left in the sublimation zone after the first growth
cycle is clearly visible (Fig. 2a); this residue is not present
at the end of the second growth cycle (fig. 2b). A word
of caution is appropriate: in the authors’ experience, dif-
ferent batches of as-purchased material, though being of
the same nominal purity, might leave different amount
of residue. Clearly, the better purity of the starting ma-
terial, the fewer re-growth cycles are required for a high
FET mobility: in Ref. [23] the rubrene OFETs with
µ > 5 cm2/Vs have been fabricated from the ”sublimed
4FIG. 3: Result of rubrene crystal growth. Most of the organic
crystals grown by the physical vapor transport are shaped as
elongated ”needles” or thin platelets.
grade” material (Sigma-Aldrich) after only 1− 2 growth
cycles.
It is likely that the purity of crystals for the OFET
fabrication can be substantially improved if a zone re-
fining process [3, 4] is used for pre-purification of the
starting material. Indeed, in the time-of-flight studies of
organic crystals, the best results and the highest mobil-
ities have been obtained after multiple zone-refinement
purification cycles [4, 5]. This process enabled reduc-
tion of the impurity concentration in the bulk down to
the part-per-billion level. It is unlikely that a compa-
rable purity can be achieved simply by multiple vapor
transport re-growth processes. It has to be noted that
zone-refinement cannot be applied to all organic mate-
rials, since this technique requires the existence of a co-
herent liquid phase (i.e. the melting temperature of the
substance has to be lower than the temperature of de-
composition of its molecules) [3]. However, for several
materials that have already been successfully used for
fabrication of single crystal FETs (e.g., rubrene, pery-
lene, anthracene), a coherent liquid phase does exist and
zone refinement is possible. The zone-refining purifica-
tion might be especially useful for realization of intrinsic
FIG. 4: Two platelet-shaped anthracene single-crystals grown
by physical vapor transport. The crystals are transparent and
colorless. The left crystal is illuminated by UV light, and
fluoresces in the blue.
FIG. 5: A cm2-sized platelet-shaped tetracene single-crystal
grown by physical vapor transport.
polaronic transport at low temperatures, where trapping
of polarons by defects becomes a serious problem.
Most of the organic crystals grown by the physical va-
por transport are shaped as elongated ”needles” or thin
platelets (see Fig. 3). The crystal shape is controlled
by the anisotropy of inter-molecular interactions: for
many materials, a larger crystal dimension corresponds
to the direction of the strongest interactions and, presum-
ably, the strongest overlap between π-orbitals of adjacent
molecules. For this reason, the direction of the fastest
growth of needle-like rubrene crystals coincides with the
direction of the highest mobility of field-induced carri-
ers (see Sec. III). For platelet-like crystals, the larger
facets are parallel to the a-b plane. Typical in-plane di-
mensions range from a few square millimeters for rubrene
to several square centimeters in the case of anthracene.
The crystal thickness also varies over a wide range and,
in most cases, can be controlled by stopping the growth
process at an early stage. For example, the thickness of
the tetracene crystals grown for 24 hours ranges between
∼ 10 µm and ∼ 200 µm [36], but it is possible to harvest
several crystals of sub-micron thickness by stopping the
5growth process after ∼ 30 minutes.
Because of a weak van der Waals bonding between the
molecules, polymorphism is a common phenomenon in
organic materials: the molecular packing and the shape
of organic crystals can be easily affected by the growth
conditions. For example, the thiophenes exhibit two dif-
ferent structures depending on the growth temperature
[37]. In many cases, organic molecular crystals exhibit
one or more structural phase transitions upon lowering
the temperature. For the study of single-crystal FETs
at low temperature, the occurrence of a structural phase
transition can be detrimental. In tetracene crystals, for
instance, a structural phase transition occurs below 200
K (see, e.g., [38]). Co-existence of two crystallographic
phases at lower temperatures causes the formation of
grain boundaries and stress, which are responsible for the
trapping of charge carriers (see Fig. 10). In tetracene,
in addition, occurrence of the structural phase transition
often results in cracking of the crystals with cooling and
a consequent device failure.
B. Crystal characterization
To understand better the effect of different factors on
the crystal growth, a thorough characterization of the
crystal properties is needed. Note, however, that many
experiments provide information on the crystal proper-
ties that is only indirectly related to the performance of
the single-crystal OFETs. For example, the x-ray analy-
sis of organic crystals, though necessary for identification
of the crystal structure and orientation of the crystallo-
graphic axes, is insufficiently sensitive for detection of a
minute concentration of defects that might severely limit
the field-effect mobility at low temperatures. Similarly,
the TOF experiments, although useful in assessing the
quality of the bulk of organic crystals, are not sensitive
to the surface defects that limit the OFET performance.
Below we briefly review several techniques that have been
used for organic crystal characterization.
1. Polarized-light microscopy
Inspection of crystals under an optical microscope in
the polarized light provides a fast and useful analysis of
the crystalline domain structure. Visualization of do-
mains is possible because crystals of most organic conju-
gated materials are birefringent [39]. Optical inspection
also enables detection of the stress in crystals, which re-
sults in appearance of the interference fringes with orien-
tation not related to any specific crystallographic direc-
tion. This technique simplifies the process of selection of
single crystals for transport measurements.
2. The time-of-flight experiments
In the time-of-flight (TOF) experiments, a platelet-
like crystal is flanked between two metal electrodes,
one of which is semi-transparent [5]. A thin sheet of
photo-excited charge carriers is generated near the semi-
transparent electrode by a short laser pulse with the pho-
ton energy greater than the band gap. In the presence
of a constant voltage bias between the two electrodes,
the charge sheet propagates in the direction determined
by the dc electric field and generates a displacement cur-
rent, whose magnitude diminishes rapidly as soon as the
sheet reaches the opposite electrode [3]. From the du-
ration of the displacement current pulse and the known
crystal thickness, the drift velocity and carrier mobility
can be calculated. This method also provides indirect
information on the concentration of (shallow) traps in
the bulk: the decrease of mobility at low temperatures
is caused by multiple trapping and release processes (for
more details, see Ref. [40]). An important aspect of
TOF measurements is that their results are not sensitive
to contact effects, since the charge carriers are photo-
generated (i.e., not injected from a metal electrode) and
their motion is detected capacitively. This simplifies the
contact preparation and improves the reproducibility of
results for identically grown crystals.
For measuring the intrinsic mobility of charge carriers
in the bulk, the lifetime of the carriers against charge
trapping has to be greater than the time of flight be-
tween the electrodes. This requirement imposes severe
limitation on the concentration of charge traps. As a
result, only very pure and defect-free crystals can be
characterized by the TOF method. For example, ac-
cording to preliminary measurements by the Stuttgart
group [41], the rubrene crystals used for fabrication of
the high-mobility OFETs [23] are unsuitable for the TOF
measurements. The crystals for the TOF measurements
should also have sufficiently parallel opposite facets and
be sufficiently thick for the displacement current pulse to
be longer than the apparatus time resolution. Because
of these limitations, the TOF measurements can be per-
formed only on a small fraction of the crystals grown by
the phase vapor deposition technique.
Despite the difficulties of application of the TOF
method to the organic crystal grown by vapor transport,
successful TOF measurements have been performed on
vapor-grown tetracene crystals similar to those used in
FETs experiments [36]. The room-temperature mobility
µ = 0.5− 0.8 cm2/Vs, measured in the TOF experiment
for three different crystals, is comparable to the high-
est mobility of the field-induced carriers in the OFET
experiments; these quantities also exhibit similar tem-
perature dependencies. Interestingly, the two types of
measurements provided similar µ values for charge trans-
port along different directions in anisotropic organic crys-
tals: the FET measurements probe surface transport in
the a-b plane, whereas TOF experiments on the platelet
tetracene crystals probed motion along the c-axis. This
6observation seems to be in disagreement with what one
would expect from the crystallographic structure of the
material, namely a pronounced anisotropy of mobility
along different crystallographic directions [6, 42, 43]. To
better understand the origin and the implications of this
result, further characterization of a larger variety of or-
ganic crystals by the TOF method and comparison with
field-effect measurements are needed.
3. Space charge limited current spectroscopy
A rather common and, in principle, simple way to char-
acterize the electrical properties of OMCs is the study of
the I − V characteristics measured in the space charge
limited current (SCLC) regime [44]. The value of the
carrier mobility, as well as the density of deep traps
can be inferred from these measurements. Similar to
the TOF experiments, SCLC measurements require rel-
atively large electric fields. Usually, these measurements
FIG. 6: Electron and hole mobility µ versus temperature T
in ultra-pure single crystals of naphthalene, as measured in
Time-Of-Flight (TOF) experiments. The solid lines indicate
a T−n power-law temperature dependence with exponents
n as indicated in the figure. For holes, mobility values as
high as 400 cm2/Vs are observed at low temperature. ([5],
printed with permission of N. Karl, Crystal Laboratory, Univ.
Stuttgart.)
are performed on thin platelet-like crystals; the metallic
contacts are located on the opposite facets of a crystal of
thickness L, and the current I in the direction perpen-
dicular to the surface (along the c-axis) is measured as
a function of the voltage V between the contacts. Mea-
surements of I − V characteristics with contacts on the
same surface of the crystal can also be performed, but in
this geometry the extraction of the carrier mobility and
the density of traps from the experimental data is more
involved. Instrumentation-wise, the dc charge injection
experiments are less challenging than the TOF measure-
ments. However, a high quality of contacts is required for
the former measurements, otherwise the results for nomi-
nally identical samples are not reproducible [36]. Because
of a high sensitivity of the data to the contact quality, the
SCLC technique typically requires acquisition of a large
volume of data for many samples and, therefore, is not
very efficient.
Recently, the trap-free space charge limited current
(SCLC) regime has been observed for samples with both
thermally-evaporated thin-film contacts [23] and silver
epoxy contacts [36]. The I − V characteristics for a
thin rubrene crystal with thin-film silver contacts demon-
strate the crossovers from the Ohmic regime to the space-
charge-limited-current (SCLC) regime, and, with a fur-
ther voltage increase, to the trap-free (TF) regime (see
Fig. 7) [23]. Observation of a linear Ohmic regime indi-
cates that the non-linear contribution of Schottky barri-
ers formed at the metal/rubrene interfaces is negligible in
these measurements: the voltage drop across the Schot-
tky barriers is smaller than the voltage drop across the
highly resistive bulk of the crystal. The crossover to the
SCLC regime at a low bias voltage VΩ ≃ 2.5 V suggests
that the charge carrier injection from the contacts is very
efficient. From the threshold voltage of the TF regime,
VTF , the density of deep traps, N
d
t , can been estimated
[44, 45]:
Ndt =
ǫǫ0VTF
eL2
(1)
Here ǫ0 is the permittivity of free space, ǫ is the rela-
tive dielectric constant of the material. Note that an
assumption-free estimate of the trap density can be made
only if a well-defined crossover between SCLC and TF
regimes is observed. For this reason, the method can
be applied only to sufficiently pure crystals. For the
tetracene crystals studied in Ref. [36], Nt ≃ 5 × 10
13
cm−3 is significantly smaller than Nt ≃ 10
15 cm−3 for
rubrene crystals studied in Ref. [23]. The steep increase
of current that signifies the transition to the trap-free
regime, is also much more pronounced for tetracene crys-
tals (see Fig. 7 and 8).
The estimate of Ndt is based on the assumption (not
usually mentioned in the literature), that the deep traps
are uniformly distributed throughout the entire crystal
bulk. However, it is likely that the trap density is greater
near the metal/organic interface because of the surface
damage during the contact preparation. A small amount
7FIG. 7: I − V characteristic of a ∼ 10 µm-thick rubrene
crystal, measured along the c-axis. The inset is a blow-up
of the crossover to the trap free regime (also in a double-log
scale). From the crossover to the trap-free regime, the density
of deep traps Ndt ≃ 10
15 cm−3 can be estimated [23].
of traps located close to the surface can have a large effect
on the current flow: the charges trapped near the surface
strongly affect the electric field in the bulk of the crystal,
which determines the current flow in the TF regime. For
this reason, the value of Ndt may be considered as an
upper limit of the actual density of traps in the bulk (see
Ref. [36] for a more detailed discussion).
In the TF regime, the mobility can be estimated from
the Mott-Gurney law for the trap-free regime [44]:
JTF =
9ǫǫ0µV
2
8L3
(2)
where JTF is the current density. Even when the TF
limit is not experimentally accessible, the same formula
can be used to extract a lower limit, µmin for the intrinsic
mobility, at least in materials in which one type of car-
riers (electrons or holes) is responsible for charge trans-
port (see Ref. [36] for details). In tetracene crystals, the
values of µmin along the c-axis obtained from SCLC mea-
surements performed on a large number of samples are
shown in Fig. 9. The large spread in values for µmin ob-
tained from identically grown crystals is due to scattering
in the contact parameters.
For the samples with µmin > 0.1 cm
2/Vs, the mobility
increases with cooling over the interval T ≃ 180 − 300
K (Fig. 10). Observation of the mobility increase with
cooling in high-quality crystals is usually considered as
a signature of the intrinsic (disorder-free) transport (for
comparison, an increase of mobility with lowering tem-
perature has never been observed in SCLC measurements
performed on disordered thin organic films). With fur-
ther cooling, however, the mobility decreases: Fig. 10
shows that for most of the tetracene crystals, a sharp
FIG. 8: Typical result of a DC I − V measurement perpen-
dicular to the a-b plane of a tetracene single-crystal, with a
thickness L = 30 µm and a mobility µmin = 0.59 cm
2/Vs.
The inset shows a similar measurement on a different crys-
tal (L = 25 µm, µmin = 0.014 cm
2/Vs), in which a crossing
over into an approximately quadratic dependence on voltage
is visible at high voltage. In both cases, a very steep current
increase occur around of just above 100 V that we attribute to
filling of deep traps. We observed a steep increase in current
in most samples studied.
drop of µ below 180 K is observed. This suggests that this
drop might be related to a structural phase transition,
which is known to occur in tetracene in this temperature
range [38]. Both the observed effects of the structural
phase transition on the carrier mobility, as well as the in-
crease in µmin with lowering temperature, indicate that
these SCLC measurements reflect the intrinsic electronic
properties of the material.
FIG. 9: Histogram of values for µmin calculated from dc I −
V measurements performed on approximately 100 tetracene
single-crystals. The large scattering in the observed values is
due to the spread in contact quality.
8C. Fabrication of the field-effect structures
Fabrication of the field-effect structure on the surface
of organic crystals poses a challenge, because many con-
ventional fabrication processes irreversibly damage the
surface of van-der-Waals-bonded organic crystals by dis-
rupting molecular order, generating interfacial trapping
sites, and creating barriers to charge injection. For ex-
ample, sputtering of an insulator onto the crystal creates
such a high density of defects on the organic surface that
the field-effect is completely suppressed. Up to date, two
techniques for single-crystal OFET fabrication have been
successfully used: (a) electrostatic ”bonding” of an or-
ganic crystal to a prefabricated source/drain/gate struc-
ture, and (b) direct deposition of the contacts and gate
insulator onto the crystal surface. In this section, we ad-
dress the technical aspects of these fabrication processes;
effect of different fabrication methods on the electrical
characteristics of the resulting single-crystal FETs will
be discussed in Sec. III.
1. Electrostatic bonding technique
In this approach, the transistor circuitry (both gate
and source/drain electrodes) is fabricated on a separate
substrate, which, at the final fabrication stage, is electro-
statically bonded to the surface of organic crystal. The
technological processes vary depending on the type of
a substrate for the transistor circuitry. Two kinds of
substrates have been used: conventional silicon wafers
[24, 25, 29], and flexible elastomer substrates (the so-
called rubber stamps) [46].
a. Source/drain/gate structures on Si substrates In
this method, the source/drain/gate structure is fabri-
FIG. 10: Temperature dependence of the lower limit to the
mobility, µmin, measured for tetracene single-crystals with a
high µmin value. Note the abrupt drop in mobility occurring
at different temperatures below ≃ 180 K, originating from a
known structural phase transition [38].
FIG. 11: Optical microscope picture of a single-crystal
rubrene FET, fabricated by electrostatic bonding. The crys-
tal, which has a rectangular shape, overlaps with the source
and drain contacts (at the left and right edge of the picture)
and with four small contacts in the center, used to perform
4-probe electrical measurements. The purple area consists of
a Ta2O5 layer sputtered on top of the substrate prior to the
crystal bonding, which, for wider crystals, serves to confine
the electrically active region of the FET.
cated on the surface of a heavily doped (n-type or p-type)
Si wafer, covered with a layer of thermally grown SiO2
(typically, 0.2 µm thick). The conducting Si wafer serves
as the gate electrode, and the SiO2 layer plays the role
of the gate insulator. The source and drain gold contacts
are deposited on top of the SiO2 layer, and, as a final
step, a sufficiently thin OMC crystal is electrostatically
bonded to the source/drain/gate structure. It has been
found in Ref. [24] that the reactive ion etching (RIE)
of the contact/SiO2 surface in the oxygen plasma prior
to the OMC bonding improves significantly the charac-
teristics of tetracene OFETs: the RIE cleaning reduces
the spread of mobilities, the field-effect threshold voltage,
and the hysteresis of transfer characteristics. The RIE
cleaning also significantly improves adhesion of freshly
grown tetracene crystals to SiO2 surface. The technique
works best for very thin crystals (≤ 1 µm thick) that
adhere spontaneously to the substrate, but it can also
be applied (with a lower success yield) to much thicker
crystals by gently pressing on the crystal to assist the ad-
hesion process [47]. Fig. 11 shows a picture of a rubrene
FET fabricated with the technique of electrostatic adhe-
sion to SiO2.
b. Source/drain/gate structures on flexible substrates
In this approach, the FET circuitry is fabricated on top
of a flexible elastomer substrate (polydimethylsiloxane,
or PDMS), by sequential shadow-mask deposition of the
gate and source/drain electrodes [46]. The fabrication
process, illustrated in Fig. 12, begins with deposition of
the gate electrode on top of a few-mm-thick PDMS sub-
strate (1.5 nm of Ti as an adhesion promoter to the sub-
9strate, 20 nm of Au, and 3 nm of Ti as an adhesion pro-
moter to the subsequent layers). A (2-4)µm-thick PDMS
film, deposited by spin-coating on top of the structure,
serves as a gate dielectric. Evaporation or transfer print-
ing of source and drain electrodes (1.5 nm of Ti and 20
nm of Au) on top of the dielectric completes the stamps.
Careful control of the fabrication processes results in elec-
trode and dielectric surfaces with low surface roughness
(the root-mean-squared value of ∼ 0.6 nm, as measured
by atomic force microscopy). The final assembly of the
devices, similar to the Si-based technique, consists of po-
sitioning of the OMC crystal on the stamp surface, and
applying a gentle pressure to one edge of the crystal.
Van der Waals forces then spontaneously cause a ”wet-
ting” front to proceed across the crystal surface at a rate
of a few tenths of a millimeter per second. This lamina-
tion process yields uniform contact, devoid of air gaps,
bubbles or interference fringes.
The main advantage of both Si- and PDMS-based
stamps technique is obvious: it eliminates the need for
deposition of metals and dielectrics directly onto a very
vulnerable organic surface. Since these techniques exploit
the technologies well-developed in electronic industry, the
dimension of the circuitry can be easily reduced, if desir-
able, well in the sub-micron range: specifically, a very
small source/drain contact separation can be achieved
by using electron-beam lithography. The PDMS-based
masks work well not only for thin, but also for thick crys-
tals: the flexible PDMS surface and the ductile Au con-
tacts adjust easily to the crystal shape (i.e. no flexibility
of the crystal is required). Remarkably, despite the fact
that rubbers become rigid upon cooling, this technique
has been shown to work well at low temperatures [48].
Another important advantage of the PDMS stamp tech-
nique is that it is non-destructive and reversible: it has
been shown that the contact between the stamp and the
rubrene crystal can be re-established many times with-
out noticeable degradation of the OMC surface [46]. For
this reason, PDMS-supported circuitry has been used for
the first observation of the anisotropy of the field-effect
mobility within the a-b plane of the single crystals of
rubrene, as we discuss in Sec. III F. Interestingly, simple
adhesion of organic crystals to metallic surface results in
contacts with good electrical properties. This has been
demonstrated for both Si- and PDMS- based stamps by
comparing the results of two- and four-probe measure-
ments. The contact resistance is similar to that observed
in the devices for which the thin metal film contacts are
directly deposited onto the organic surface (see below).
Although its simplicity makes electrostatic bonding
particularly appealing for the fabrication of organic sin-
gle crystal FETs, this technique also suffers from a num-
ber of limitations. For instance, the choice of metals for
the source and drain contacts in the electrostatic ”bond-
ing” technique is limited by noble metals, since other
materials are easily oxidized in air. The channel width
is not well defined (unless it is limited by the crystal di-
mensions or by patterning the gate electrode), because
FIG. 12: The PDMS-based stamp: source/drain/gate struc-
tures on a flexible substrate. (a) Schematic picture of the lay-
out of the stamp. It consists of a few-mm-thick PDMS pad, a
patterned gate electrode, a (2-4)µm-thick PDMS spin-coated
film as a gate-dielectric, and gold source and drain electrodes.
(b) The principle of lamination. The crystal is positioned on
the stamp surface, and a gentle pressure is applied to one
edge of the crystal. Van-der-Waals forces then spontaneously
cause a ”wetting” front to proceed across the crystal surface.
The insets at the right show microscope pictures of the trans-
parent crystal on top of the stamp at different stages of the
lamination process.
the conduction channel is formed over the whole area
of overlap between the OMC crystal and the Si wafer.
In the current PDMS-stamp OFETs, the gate insulator
is relatively thick and its dielectric constant is low - for
this reason, the maximum density of induced charges is
relatively small (typically, below 1× 1011 carriers/cm2).
Finally, another potential problem of the Si- and PDMS
stamps might be the mismatch between the coefficients of
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thermal expansion for the stamp and the organic crystal.
Upon changing the temperature, this mismatch might
cause a mechanical stress and formation of defects in
the crystal. Since the surface defects can trap the field-
induced charge, this might result in deterioration of the
low-temperature OFET characteristics. This is an im-
portant issue that requires further studies.
c. OFETs with high-k dielectrics The electrostatic
bonding technique is compatible with the use of high-k
dielectrics as gate insulators, which allow the accumula-
tion of a large carrier density in OFETs. Particularly
interesting is the possibility of reaching a surface charge
density of the order of 1×1014 carriers/cm2, which corre-
sponds to approximately one charge carrier per molecule
(this estimate assumes that all the charges are accumu-
lated in a single molecular layer, as it is expected from
calculations of the screening length). Indeed, the max-
imum surface charge density is Q = ǫǫ0Ebd, where ǫ is
the relative dielectric constant of the gate dielectric and
Ebd is its breakdown field. For typical high-k dielectrics,
such as Ta2O5 or ZrO2, ǫ = 25 and Ebd > 6 MV/cm,
and the resulting charge density at the breakdown is
1014 carriers/cm2. Many novel high-k materials hold the
promise of even higher charge densities [49, 50].
The process of fabrication of OFETs with high-k di-
electrics is similar to the aforementioned Si-based tech-
nique, with SiO2 replaced by a high-k dielectric that
is sputtered onto a heavily doped silicon substrate. In
the experiments at TU Delft, Ta2O5 and ZrO2 gate di-
electrics have been sputtered onto the Si wafers at room
temperature. Though the measured values of the dielec-
tric constant and breakdown field for these layers are
close to the best results reported in literature [51], the
leakage currents were relatively large (∼ 10−6 A/cm2 for
a Ta2O5-thickness of 350 nm). This is typical for de-
position of dielectric films onto non-heated substrates,
which results in a relatively high density of vacancies in
the films. Substantially lower values of the leakage cur-
rents might be achieved in the future by sputtering on
heated substrates, as already demonstrated in literature
[51]. The characteristics of tetracene single-crystal FETs
with high-k dielectrics will be discussed in Sec. III.
2. ”Direct” FET fabrication on the crystal surface
The ”direct” fabrication of the single-crystal OFETs,
in which a free-standing OMC is used as the substrate
for subsequent deposition of the contacts and gate di-
electric, is not trivial, because the organic crystals are
incompatible with the standard processes of thin-film de-
position/patterning. Fabrication of the field-effect struc-
tures based on single crystals of organic semiconductors
became possible after several innovations have been in-
troduced both for the source/drain fabrication and for
the gate dielectric deposition [22, 23].
a. Source/drain contacts The performance of the
organic FETs is often limited by the injection barriers
formed at the interface between the metal contacts and
the semiconductor. The charge injection in such devices
occurs by thermally assisted tunneling of the electrons or
holes through the barrier, whose effective thickness de-
pends on both gate and source-drain voltages. This is
why reducing of the contact resistance is especially im-
portant for proper functioning of OFETs.
Different routes have been followed for the fabrication
of source/drain contacts on the surface of organic crys-
tals. The simplest (but also the crudest) is the ”manual”
application of a conducting paste. Among the tested
materials, the water based solution of colloidal carbon
provided the lowest contact resistance to organic crys-
tals. A two-component, solvent-free silver epoxy (Epo-
Tek E415G), which hardens at room temperature in a
few hours, has been also used [36]. A disadvantage of
this method is that it is difficult to prepare small and
nicely-shaped contacts on hydrophobic OMC surfaces. In
addition, this technique often results in formation of de-
fects (traps) at the contact/organic interface, as shown,
for instance, by the transport experiments in the space
charge limited transport regime.
The thermal deposition of metals through a shadow
mask is a more versatile method. However, the ther-
mal load on the crystal surface in the deposition process
(mostly because of radiation from the evaporation boat)
has to be painstakingly minimized: deposition might gen-
erate traps at the metal/organic interface, or even re-
sult in the OMC sublimation. The effect of fabrication-
induced traps has been regularly observed in both FET
and SCLC measurements; presence of these traps is also
a plausible cause for irreproducibility of the metal con-
tacts evaporated on top of organic films used in applied
devices [52, 53, 54]. This limits the choice of metals to the
materials with a relatively low deposition temperature.
As a first (and very crude) approximation, matching of
the metal work-function to the HOMO(LUMO) levels of
OMC for the p-type (n-type) conductivity can be used
as the guideline in the metal selection.
Despite the technological difficulties, successful depo-
sition of high-quality silver contacts by thermal evapo-
ration has been recently performed, which demonstrates
that the contact fabrication problems are not intrinsic.
In order to minimize damage of the crystal surface, the
authors of Ref. [23] fixed the deposition rate at a low
level (∼ 1 A˚/s), increased the distance between the evap-
oration source and the sample up to 70 cm, maintained
the crystal temperature during the deposition within the
range −20 − 0oC by using a Peltier cooler, and placed
a diaphragm near the evaporation boat to shield IR ra-
diation from the hottest parts of the boat. It has been
also observed that, in order to achieve high mobilities, it
is important to avoid contamination of the channel sur-
face by metal atoms deposited at oblique angles under
the shadow mask. Such contamination, which dramati-
cally affects the device performance, presumably occurs
because of scattering of silver atoms from residual gas
molecules even at 5 × 10−7 Torr, the typical pressure in
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the chamber for contact deposition. In order to prevent
oblique angle deposition in the shadowed regions, silver
was deposited through a ”collimator”, a narrow (4 mm
ID) and long (30 mm) tube, positioned close to the crys-
tal surface. Following this process, high-quality OFETs
have been fabricated on the surface of several organic
crystals (rubrene, TCNQ, pentacene).
In the future, it would be useful to better understand
the mechanism of damaging of organic crystals in the pro-
cess of contact fabrication, in order to make the prepa-
ration of high-quality contacts routinely possible with
many different metals. In particular, preparation of high-
quality contacts will help to elucidate the role of the work
function of the metallic electrodes, which seems to play
a less prominent role than what was initially expected
(see, e.g., [55]).
b. Parylene as a novel gate dielectric After many
unsuccessful attempts, it became clear that sputtering of
Al2O3, as well as other dielectrics, onto the surface of
organic molecular crystals unavoidably results in a very
high density of traps and prohibitively high field-effect
threshold: the field effect is completely suppressed even if
the organic crystals were positioned in the shadow region
of the vacuum chamber, where the deposition rate was
zero. Presumably, the OMC surface is damaged by high-
energy particles in the plasma. The attempts to shield
the surface from high-energy charged particles by elec-
trostatic deflection did not improve the situation. Ther-
mal deposition of silicon monoxide was also unsuccessful,
probably because of a too high temperature of the depo-
sition source.
The breakthrough in the ”direct” fabrication of free-
standing single-crystal OFETs came with using thin
polymer films of parylene as a gate-dielectric material
[22]. Parylene coatings are widely used in the pack-
aging applications; the equipment for parylene deposi-
tion is inexpensive and easy to build (see, e.g., Parylene
Conformal Coatings Specifications and Properties, Tech-
nical notes, Specialties Coating Systems). This material
with the dielectric constant ǫ = 2.65 forms transparent
pinhole-free conformal coatings with excellent mechani-
cal and dielectric properties: the breakdown electric field
could be as high as∼ 10 MV/cm for the thickness 0.1 µm.
In Ref. [22], parylene was deposited in a home-made
reactor with three temperature zones (see Fig. 13). Prior
to the deposition, the reactor (quartz tube) was evacu-
ated to a pressure of ∼ 1 mTorr. The dimer para-xylylene
(generic name, parylene) is vaporized in the vaporiza-
tion zone at ∼ 100oC, cleaves in the pyrolysis zone at
∼ 700oC, and polymerizes in the deposition zone (the
sample location) at room temperature and pressure∼ 0.1
Torr. The precise value of these parameters during the
parylene deposition is not critical. In Ref. [22], the pary-
lene deposition rate was ∼ 300 A˚/min for the samples
positioned ∼ 35 cm away from the pyrolysis zone of
the parylene reactor. Parylene was deposited onto the
OMC crystals with pre-fabricated source and drain con-
tacts with the attached wires (otherwise, contacting the
contact pads might be difficult). The parylene thickness
∼ 0.2 µm is sufficient to cover uniformly even the rough
colloidal-graphite contacts. The capacitance of the gate
electrode per unit area, Ci, was Ci = 2± 0.2 nF/cm
2 for
a ∼ 1-µm-thick parylene film. The output of working de-
vices with the parylene gate insulator approached 100%
and the parylene films deposited onto organic crystals
withstand multiple thermal cycling between 300 K and
4.2 K.
There are several important advantages of using pary-
lene as the gate dielectric: (a) it can be deposited while
the crystal remain at room temperature, (b) being chem-
ically inert, it does not react with OMCs, and (c) the
parylene/OMC interface has a low density of surface
states. Apart from that, parylene is a carbon-based poly-
mer, and its thermal expansion coefficient is likely to be
close to that of most organic crystals (but that remains to
be tested). As it has already been emphasized above, dif-
ferent thermal expansion/contraction of the crystal and
gate dielectric might result in the stress-induced carrier
trapping. In this regard, the use of parylene is particu-
larly promising for the operation of OFETs at low tem-
perature. Parylene is also promising as the gate insulator
for the future thin-film, flexible devices, where flexibility
of the gate dielectric is required.
III. CHARACTERISTICS OF
SINGLE-CRYSTALS OFETS
Fabrication of the single-crystal OFETs enables explo-
ration of the physical limits on the performance of or-
ganic thin-film FETs. For the first time, one can study
the characteristics of OFETs not limited by the disorder
common for organic thin films. As the result, many im-
 
FIG. 13: Parylene deposition. The top panel shows the reac-
tions that occur during the deposition: the dimer of parylene
sublimes at ∼ 100oC; it splits up to monomers as it enters the
pyrolysis zone at ∼ 700oC; the monomers polymerize in the
room temperature zone where the sample is placed. The bot-
tom panel is a simple schematics of a homemade deposition
chamber.
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FIG. 14: The contact resistance normalized by the channel
width W measured using a 4-probe rubrene OFET as a func-
tion of the source-drain voltage (VG = −40 V). The inset:
the mobility of the same device measured in the 4-probe and
2-probe configurations, normalized by µ at VSD = 50 V.
portant characteristics of OFETs, including the charge
carrier mobility, the field-effect threshold, and the sub-
threshold slope, have been significantly improved.
The organic semiconductors used in OFETs are un-
doped (or, at least, not intentionally doped). For this rea-
son, OFETs belong to the class of injection, or Schottky-
limited FETs, in which the charge carriers are injected
into the conduction channel through the Schottky bar-
riers at the metal/organic interface. For the same rea-
son, the resistance of source and drain contacts is much
higher than in Si MOSFETs, and depends strongly on
the biasing regime. Since the contact resistance might
be comparable or even greater than the channel resis-
tance (especially at low temperatures), only the 4-probe
measurements provide the intrinsic characteristics of the
conduction channel, not affected by the contact resis-
tance. However, in the limit of large VG and VSD, the
contact resistance becomes small, and the results of 2-
probe and 4-probe measurements typically converge, at
least at room temperature (see Fig. 14).
It is worth mentioning that at this initial stage, when
the research focuses mostly on the study of the intrin-
sic field-induced conductivity in organic semiconductors,
the biasing regimes in the experiments with single-crystal
OFETs often differ from the conventional FET biasing
[13]. The difference is illustrated in Fig. 15: the po-
larity of the source-drain voltage is chosen to explore a
wider range of the carrier densities. Note also that, be-
cause single-crystal devices have not been optimized for
applications (e.g., the gate insulator is much thicker than
in the commercial devices), the typical values of VG and
VSD are an order of magnitude greater than that for the
conventional Si MOSFETs. The main characteristics of
the single-crystal FETs are summarized below.
A. Unipolar operation
All the single-crystal devices fabricated up to date ex-
hibited unipolar operation. Specifically, the p-type con-
ductivity has been observed, for instance, in antracene,
tetracene, pentacene, perylene, rubrene, whereas the n-
type conductivity has been observed in TCNQ. Typical
transistor characteristics for the rubrene and tetracene
single crystal OFETs are shown in Fig. 16 and 17. In
principle, the unipolar operation can be explained by the
choice of metallic contacts that are efficient injectors of
only one type of carriers. However, the presence of traps
that selectively capture either electrons or holes cannot
be excluded. For instance, the TOF experiments with
perylene [6, 42] have shown that in high quality crys-
tals of this compound, both electrons and holes are suf-
ficiently mobile at room temperature. However, in the
single-crystal perylene FETs, only the hole conduction
has been observed [56]. One of the reasons for that might
be presence of oxygen in the crystal, which is known to
act as a trap for electrons.
B. Field-effect threshold
The threshold voltage Vth is a measure of the amount
of charge that it is necessary to induce electrostatically in
order to switch-on electrical conduction in a FET. Using
FIG. 15: The trans-conductance characteristics of an OFET
fabricated on the rubrene single crystal, measured at different
values of the source-drain voltage VSD. The in-plane dimen-
sions of the conducting channel are L × W = 1 × 1 mm2.
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FIG. 16: Two-probe characteristics of a single-crystal rubrene
FET [22]. Upper panel: the dependence of the source-drain
current, ISD, on the gate voltage, VG. Lower panel: ISD
versus the bias voltage VSD at several fixed values of VG. The
source-drain distance is 0.5 mm, the width of the conduction
channel is 1 mm, the parylene thickness is 0.2 µm.
the equation that describes FET operation
ISD =
W
L
µC(VG − Vth)VSD (3)
Vth can be obtained by extrapolating the quasi-
linear (high-VG) part of trans-conductance characteris-
tics ISD(VG) to zero current (here W and L are the
width and the length of the conducting channel, respec-
tively, and C is the specific capacitance between the chan-
nel and the gate electrode). The charge induced in the
sub-threshold regime fills the traps that immobilize the
charge carriers.
The magnitude of the field-effect threshold voltage de-
pends on several factors, such as the density of charge
traps on the interface between the organic crystal and the
gate dielectric, the quality of the source/drain contacts
(particularly important for Schottky transistors), and
the absence/presence of a ”built-in” conduction chan-
nel. Firstly, let’s consider the situation when the built-
in channel is absent; this is the case, for example, of
the rubrene devices with parylene gate dielectric [22, 23].
The corresponding trans-conductance characteristics are
shown in Fig. 15 on a semi-log scale. The field-effect
onset is observed at a positive gate voltage, similar to
the OFET based on well-ordered pentacene thin-films
[21, 57, 58]. This behavior resembles the operation of
FIG. 17: Two-probe characteristics of a single-crystal
tetracene FET [24]. Source-drain current ISD versus source-
drain voltage VSD measured at different values of VG. The in-
set shows the dependence of log(ISD) on VG at fixed VSD, for
a different device, which has a mobility µ = 0.05 cm2/Vs and
a threshold voltage Vth ≃ 0.3 V. From this plot we calculate
the subthreshold slope to be 1.6 V/decade. For both devices
the source-drain distance is 25 µm, the width of the conduc-
tion channel is 225 µm, and the SiO2 thickness is 0.2 µm.
a ”normally-ON” p-type FET with a built-in channel.
The resemblance, however, is superficial: in Ref. [23],
the sharp onset was always observed at VG = VSD, which
indicates that the channel was induced electrostatically.
Indeed, an application of a positive voltage VSD to the
source electrode in the presence of the gate electrode
∼ 1 µm away from the interface creates a strong elec-
tric field normal to the crystal surface. This field in-
duces propagation of the conducting channel from the
source electrode to the drain at any VG < VSD. Thus,
the single-crystal rubrene OFETs with parylene gate di-
electric are zero threshold devices at room temperature.
The zero threshold operation suggests that the density
of the charge traps at the rubrene/parylene interface is
low (< 109 cm−2) at room temperature [59]. However,
the situation changes at low temperatures: the thresh-
old voltage, measured in the 4-probe configuration, in-
creases with cooling (see Fig. 23). This might signal
depopulation of the surface traps that are filled at room
temperature. Note that only the 4-probe measurements
are essential to study the behavior of Vth; in the 2-probe
measurements, an increase of the non-linear contact re-
sistance with cooling might imitate the threshold shift.
For the OFETs fabricated by the electrostatic bonding
of organic crystals, a relatively large (10 V or more) de-
pletion gate voltage is often required to completely pinch
off the channel (this VG is positive for the p-type conduc-
tivity). This behavior is illustrated in Fig. 18 for rubrene
and for tetracene crystals bonded to the RIE pre-cleaned
SiO2 surface [24], similar behavior has been observed for
pentacene [25]. The positive threshold has been also ob-
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served for the rubrene crystals bonded electrostatically
to the surface of PDMS rubber stamps [48]. These ob-
servations suggest that the same microscopic mechanism
responsible for electrostatic bonding might be responsible
for inducing the built-in channel on the organic surface.
C. Sub-threshold slope
The sharpness of the field-effect onset is characterized
by the sub-threshold slope, S ≡ dVG/d(log ISD). Since
this quantity depends on the capacitance of the insulating
layer Ci, it is also convenient to introduce the normalized
slope, Si ≡ S·Ci, which permits to compare more directly
the properties of different devices [23]. For single crystal
FETs, even in the devices with relatively low mobility
(the tetracene single-crystal FETs with µ = 0.05 cm2/Vs
[24]), the observed normalized sub-threshold slope Si =
28 V·nF/decade·cm2 was comparable with that for the
best pentacene TFTs (Si = 15 − 80 V·nF/decade·cm
2
[60, 61, 62]). The high-mobility single-crystal rubrene
OFETs with µ ≃ 5 − 8 cm2/Vs exhibit a sub-threshold
slope as small as S = 0.85 V/decade, which corresponds
to Si = 1.7 V·nF/decade·cm
2 [23]. This value is an order
of magnitude better than what has been achieved in the
best organic TFTs; it also compares favorably with α-
Si:H FETs, for which Si ≃ 10 V·nF/decade·cm
2 has been
reported [63].
It is commonly believed that the sub-threshold
slope is mainly determined by the quality of insula-
tor/semiconductor interface [7]. This is definitely the
case for Si MOSFETs, where the resistance of source
and drain contacts is low and does not depend on the
gate voltage. In contrast, the contact resistance in the
Schottky-type OFETs is high, it depends non-linearly
on VG - as the result, the sub-threshold slope might
reflect the quality of contacts rather than the insula-
FIG. 18: Gate-sweeps demonstrating a built-in channel for
electrostatically bonded crystals, both for a tetracene (open
circles) and for a rubrene (filled squares) single-crystal FET.
The W/L ratio is the same for the two devices, W/L = 0.14.
FIG. 19: VG-sweeps of a rubrene FET fabricated by elec-
trostatic bonding. The two different curves are obtained by
interchanging the source and the drain, while the source-drain
voltage is the same (-10 V) in both cases. The influence
of the contacts is visible in the sub-threshold region of the
VG-sweeps, which shows a clearly asymmetric behavior, in
spite of the long channel length (1200 µm). At higher values
of VG, the electrical characteristics are independent of the
source/drain configuration. The channel width of this device
is approximately 200 µm.
tor/semiconductor interface. The effect of the contacts
is illustrated in Fig. 19 for a rubrene device fabricated
by electrostatic bonding. In this device, interchanging
the source and drain contacts results in different sub-
threshold VG characteristics. At higher values of VG,
when the conducting channel is formed, the electrical
characteristics are symmetric, i.e. they are not sensi-
tive to the source/drain configuration. Note that in this
device the contacts dominate the behavior in the sub-
threshold region even though the length of the channel
is considerable (1.2 mm; the channel width is approxi-
mately 0.2 mm).
D. Double-gated rubrene FETs
The conventional method for the fabrication of low-
resistance contacts in Si MOSFETs is based on ion im-
plantation of dopants beneath the contact area. Unfor-
tunately, a similar technique has not been developed for
OFETs yet. In this situation, the contact resistance
can be reduced by using the so-called double gate, a
trick that has been successfully applied for the study
of high-mobility Si MOSFETs at low temperatures [64].
Schematic design of such device, fabricated at Rutgers,
is shown in Fig. 20.
Two separately biased gate electrodes are deposited on
the surface of a rubrene crystal with pre-formed source
and drain contacts: the main gate and the complemen-
tary gate. These electrodes are isolated from the crystal
15
and each other by a layer of parylene (∼ 1 µm thick).
The complimentary gate electrode (closest to the surface)
consists of two stripes, connected together, that overlap
with the source and drain contacts. The resistance of
Schottky barriers and the charge density in the channel
of this device can be controlled separately by applying
different voltages to the complimentary gate, VGc, and
to the main gate electrode, VG.
The trans-conductance characteristics of the double-
gated rubrene FET, ISD(VG), are shown in the Fig.
21 for several values of VGc and a fixed VSD = 5 V.
Large negative voltage VGc greatly reduces the contact
resistance, and the regime of low carrier densities be-
comes easily accessible. However, the price for this is
the non-linearity of trans-conductance characteristics at
VG > VGc: a portion of the semiconductor surface be-
neath the complimentary gate electrode is screened from
the field of the main gate electrode, and its resistance
does not depend on VG.
 
 
FIG. 20: Schematic design of the double-gated FET. Addi-
tional to the conventional source, drain and gate-electrode,
also a complimentary gate electrode is deposited, which is
separated from the other electrodes by parylene layers. The
complementary gate overlaps with the source and drain con-
tacts, and it serves to control the contact resistance.
FIG. 21: The trans-conductance characteristics of the double-
gated rubrene FET. A set of ISD(VG) curves is shown for a
fixed VSD = 5 V and several negative complimentary gate
voltages VGc.
E. Mobility
The mobility of carriers at the surface of organic crys-
tals can be estimated from the linear portion of the trans-
conductance characteristics, where the conductivity of
the channel, σ = enµ, varies linearly with the density of
mobile field-induced charges, n. The ”intrinsic” mobility,
not limited by the contact resistance, can be estimated
from the 4-probe measurements as [7]
µ = (
L
WCiV
)(
dISD
dVG
) (4)
where V is the potential difference between the voltage
probes at a distance L from each other, W is the channel
width, and Ci is the specific capacitance between the gate
electrode and the conduction channel. For the 2-probe
measurements, L in Eq. 4 corresponds to the total length
of the conduction channel, and V to the source-drain
voltage VSD. The latter measurements usually provide
a lower estimate for µ, which approaches the intrinsic µ
value with increasing VG and VSD (see Fig. 14). Eq. 4 is
based on the assumption that all charge carriers induced
by the transverse electric field above the threshold are
mobile, and their density is given by:
n =
Ci(VG − Vth)
e
(5)
This assumption has not been fully justified yet. For
comparison, in a different type of FETs with comparable
values of µ, amorphous silicon (α-Si:H) FETs, this is not
the case: above the threshold, most of the induced charge
in these devices goes into the ”tail” (localized) states with
only a small fraction going into the conduction band (see,
e.g., [65]). The latter model of multiple thermal trapping
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and release of carriers involving shallow traps is not ap-
propriate for OFETs, where charge transport cannot be
described in terms of band transport owing to polaronic
effects [1, 66]. Some justification of estimate 5 is pro-
vided by observations of VG-independent mobility and
the mobility increase with cooling, in a sharp contrast
with the behavior of the α-Si:H FETs. Note that, con-
trary to the conventional inorganic FETs, the density of
polaronic charge carriers in OFETs cannot be estimated
from the Hall-type experiments, at least at high temper-
atures where hopping processes govern the charge trans-
port (for discussion of the Hall effect in the polaronic
hopping regime, see Ref. [67]).
The room temperature mobility of the field-induced
carriers varies over a wide range for different organic
single crystals. The following values of µ have been
reported: tetracene - 0.4 cm2/Vs [24], pentacene - 0.5
cm2/Vs [25, 68], rubrene - 10 cm2/Vs (up to 15 cm2/Vs
in recent unpublished measurements [48]), TCNQ - 1
cm2/Vs [69]). For most of these materials, compara-
ble values of µ have been obtained for FETs fabricated
by both techniques of electrostatic bonding and direct
fabrication on the crystal surface - another indication
of the fact that, in many cases, the measurements with
single-crystal OFETs probe the electronic properties of
the crystals, at least at room temperature, and are not
affected by artifacts due to the device fabrication.
The µ values for single-crystal devices are comparable
or greater than the corresponding values of µ reported
for the best thin-film devices (see, e.g., [24, 70]). To our
knowledge the only exception is pentacene, for which the
FIG. 22: The dependencies µ(VG) for the single-crystal
rubrene OFETs, calculated from 2-probe measurements. The
peak of µ near the zero VG are the artifact of the 2-probe
measurements; it is related to a rapid decrease of the total
resistance of the source and drain contacts with increasing
charge density. Note that the source is positive with respect
to the grounded drain, so that for negative gate voltage the
transistor is not in the saturation regime.
highest measured TFT mobility is 3 cm2/Vs. Recently
however, a room temperature mobility estimated by in-
plane SCLC measurements as high as ∼ 30 cm2/Vs has
been reported [71]. Work on the fabrication of FETs
based on these pentacene single-crystals is in progress
[72].
Two inter-related factors play an important role in the
mobility improvement in single-crystal OFETs with re-
spect to the organic TFTs. Firstly, the single crystal sur-
faces are free from the inter-grain boundaries that might
limit significantly the mobility in the thin-film devices
[73]. Secondly, the experiments with organic single crys-
tals demonstrated for the first time that the mobility
might be strongly anisotropic (see Sec. III F). Thus,
in the experiments with single crystals, there is a possi-
bility to choose the direction of the maximum mobility.
In the case of elongated, needle-like crystals (rubrene,
pentacene, etc.), the direction of maximum mobility co-
incides with the direction of the fastest crystal growth
with the strongest inter-molecule interactions. At the
same time, the mobility of carriers in OTFTs with the
grains oriented randomly with respect to the current is
an ”angle-averaged” quantity: the grains oriented along
the axis of the minimum mobility will have a much higher
resistance.
The mobility in the single-crystal OFETs depends
much less on the carrier density and the source-drain
voltage than that in the organic TFTs. In the latter
case, a pronounced increase of µ with VG is observed due
to the presence of structural defects [17]; because of the
strong µ(VG) dependence in the TFTs, a large VG ≥ 100
V (for a typical 0.2 µm thick SiO2 gate insulator) is of-
ten required to realize higher mobilities, comparable to
that of α-Si:H FETs (∼ 0.5 cm2/Vs). The typical depen-
dence of the ”2-probe” µ on the gate voltage for rubrene
OFETs is shown in Fig. 22. The maximum of µ(VG)
near the zero VG and an apparent increase of the mobility
with VSD are the artifacts of the 2-probe measurements;
these artifacts are caused by a strong VG-dependence of
the resistances of the source and drain contacts [74]. At
sufficiently large negative gate voltage (VG ≤ −20 V), µ
becomes almost VG-independent (the variations ∆µ/µ do
not exceed 15%). The dependence of µ on VSD, measured
for the rubrene OFETs in the 2- and 4-probe configura-
tions are compared in the inset to Fig. 14. The 4-probe
data reflect the ”intrinsic” charge carrier mobility, which
is only weakly dependent on VSD. The 2-probe data con-
verge with the 4-probe data at high VSD owing to a lower
contact resistance. Similar independence of the mobility
of VG has been observed for tetracene single crystal FETs
[24].
A non-monotonous temperature dependence of µ has
been observed on the devices with highest (for a given
material) mobilities: with cooling from room temper-
ature, the mobility initially increases and then drops
sharply below ∼ 100 K. The temperature dependencies
of the mobility for the rubrene (4-probe measurements)
and tetracene (2-probe measurements) FETs are shown
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FIG. 23: Temperature dependence of a rubrene FET with
a room temperature mobility of 7.5 cm2/Vs. These mea-
surements are performed in 4-probe configuration, at large
positive source-drain voltage, VSD = 80 V. Top panel: The
mobility shows a non-monotonic behavior as a function of
temperature, with an optimum value around ∼ 200 K. Bot-
tom panel: With lowering temperature the threshold voltage
becomes smaller and eventually even changes sign.
in Fig. 23 and 24. Similar trend has been observed for
the high-mobility pentacene OFETs [21, 25]. There is no
correlation between the absolute value of µ(300 K) and
its temperature dependence: similar dependencies µ(T )
have been observed for the tetracene OFETs with µ ≃ 0.1
cm2/Vs and rubrene OFETs with µ > 10 cm2/Vs. The
low-temperature drop of µ can be fitted by an exponen-
tial dependence µ = µ0 exp(−T/T0) with the activation
energy T0 ≃ 50 − 150 meV. Observation of this drop in
the 4-probe measurements indicates that the exponential
decrease of the mobility at low temperatures is not an
artifact of the 2-probe geometry and rapidly increasing
contact resistance.
There are some indirect indications that the room-
temperature mobility in the devices with a low density of
defects (high-purity crystals and high quality of organic
surface) approaches its intrinsic value. The increase of µ
with cooling, which is usually considered as a signature
of the intrinsic transport, correlates with observation of
the mobility anisotropy (see Sec. III F). The mobility
drop, observed with further cooling, resembles the data
obtained in the TOF experiments for not-so-pure crys-
FIG. 24: Temperature dependence of µ for two different
tetracene FETs, measured at large negative gate voltage. The
inset illustrates that at large negative gate voltage, -20 to -
50 V, where the highest mobility is observed, µ is essentially
independent of VG.
tals - this drop is likely caused by trapping of carriers
by shallow traps, which can be active above the field-
effect threshold due to thermal excitations in the sys-
tem. An increase of the threshold voltage with cooling,
clearly seen in Fig. 23, indicates that the trap concentra-
tion is relatively large even in the best crystals that have
been used so far for the OFET fabrication. At present,
the quantitative description of the polaronic transport, in
general, and interaction of polarons with shallow traps in
the FET experiments, in particular, is lacking. More sys-
tematic four-probe measurements of µ in different molec-
ular crystals, along with the theoretical efforts on descrip-
tion of polaronic transport in systems with disorder, are
needed to understand the origin of the observed temper-
ature dependence of the mobility.
F. Mobility anisotropy on the surface of organic
crystals.
Because of a low symmetry of organic crystals, one
expects a strong anisotropy of their transport proper-
ties. Indeed, a strong anisotropy of the polaronic mobil-
ity with respect to the crystallographic orientation has
been demonstrated by the TOF experiments [6, 42, 43].
Observation of the mobility anisotropy can be consid-
ered as a prerequisite for observation of the intrinsic
(not limited by disorder) transport in organic semicon-
ductors. The measurements on thin-film organic tran-
sistors never revealed such anisotropy. By eliminating
grain boundaries and other types of defects, fabrication
of the single-crystal OFETs allow for the first time to ad-
dress the correlation between the molecular packing and
the anisotropy of the charge transport on the surface of
organic crystals.
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FIG. 25: (a) Molecular packing in the a-b plane of the rubrene
crystal. The direction of maximum mobility corresponds to
the b-axis. (b) The angular dependence of the mobility for a
rubrene crystal, measured by a 2-probe rubber-stamp device
at room temperature. Black and red dots correspond to the
µ values extracted from the linear and saturation regime of
the FET I − V curves. The experiment was performed twice
to ensure the reproducibility of this result.
To probe the mobility anisotropy on the a-b surface of
the rubrene crystals, the researchers in Ref. [48] exploited
an advantage of the PDMS stamp technique, which al-
lows re-establishing the contact between the stamp and
some organic crystals without damaging the surface. In
this experiment, the crystal was rotated in a step-wise
fashion, after each rotation the 2-probe stamp was re-
applied, and the mobility was measured in both linear
and saturation regime to exclude the effect of contacts.
Figure 25b shows the data for two 360o rotations, to
demonstrate reproducibility of the results. Black and red
symbols correspond to the µ values extracted from the
linear and saturation regimes of the FET I−V character-
istics, respectively. The agreement between these values
confirms that the contact effects can be neglected. Com-
bination of the orientation-dependent field-effect trans-
port measurements with the Laue x-ray analysis of the
crystals shows that the direction of the highest mobility
coincides with the b-axis (see Fig. 25a).
The channel conductivity, σ(VG) ≡ ISD/V4w, ex-
FIG. 26: Top panel: Four-probe measurements of the charge
transport along the b-axis of rubrene crystal: the source-drain
current ISD (closed circles) and the voltage difference between
the voltage contacts V4w (open circles) are shown as a function
of the gate voltage VG. The inset illustrates the contact geom-
etry. Lower panel: The channel conductivity σ as a function
of VG extracted from the 4-probe measurements along two
crystallographic axis.
tracted from the 4-probe measurements along the direc-
tions of maximum and minimum mobility (the b and a
crystallographic axes, respectively) are shown in Fig. 26.
The mobility µ = (D/WCi)(dσ/dVG) along the b-axis
is almost 4 times greater than the mobility along the a
axis.
G. Preliminary results for the OFETs with high-k
dielectrics.
The characteristics of OFETs with high-k gate di-
electrics (see Sec. II C 1) are in many respects similar
to those for devices with the SiO2 gate dielectric. The
I − V curves measured for a tetracene FET electrostat-
ically bonded onto a Ta2O5 insulating layer are shown
in Fig. 27. Although the leakage gate current is nor-
mally higher than that for SiO2, it is still significantly
smaller than the source-drain current. The maximum
charge density that has been reached so far is ∼ 5× 1013
cm−2.
Despite apparent similarity, there is a significant dif-
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ference between FETs fabricated on SiO2 and on Ta2O5:
the characteristics of high-k OFETs degrade substan-
tially upon successive measurements. Specifically, the
source-drain current measured at a fixed source-drain
voltage is systematically decreased when subsequent
scans of the gate voltage are performed. In general, the
higher the applied gate voltage, the stronger the degra-
dation. At the same time, the threshold voltage system-
atically increases to higher (negative) values.
For the case of Ta2O5, this degradation eventually re-
sults in a complete suppression of the field effect. This
is shown in Fig. 28 where the source, the drain and the
leakage current are plotted as a function of the gate volt-
age, for a fixed source/drain voltage (VSD = −25 V).
Instead of increasing linearly with VG as in conventional
FETs, the source/drain current exhibits a maximum (at
VG ≃ −22 V in this device) and then decreases to zero
upon further increasing VG. This degradation is com-
pletely irreversible: no measurable source/drain current
was detected when VG was decreased to 0 and swept again
to high voltage.
The experiments show that current leaking from the
gate is the cause of the FET degradation. This current,
typically much smaller than the source-drain current (see
Fig. 28), has a different effect: the electrons leaking
through the gate insulator, accelerated in a strong elec-
tric field due to the voltage applied to the gate electrode,
damage the organic crystals. The precise microscopic
mechanism responsible for the damage is still unclear,
but it is likely that the injection of high-energy electrons
introduces surface defects (locally disrupting the crystal
due to the accumulation of negative charge) and result in
formation of traps (e.g., ”broken” individual moleucles).
This would account for the observed decrease in mobility
and shift in threshold voltage.
Optimization of the growth of high-k dielectrics in a
near future is possible, since it is known how to reduce
the leakage current by several orders of magnitude (by
sputtering the high-k materials onto a heated substrate
[51]). This is known to bring it to the level observed in
SiO2 (≤ 10
−10 A/cm2 for a SiO2-thickness of 200 nm),
at which the irreversible damage introduced in the crys-
tal is minimal. This improvement will allow stable FET
operation at a charge density ∼ 1× 1014 cm−2.
IV. CONCLUSION
The development of single-crystal OFETs offers a great
opportunity to understand better the charge transport in
organic semiconductors and to establish the physical lim-
its on the performance of organic field-effect transistors.
Below we briefly summarize the recent progress in this
field, and attempt to formulate the research directions
that, from our viewpoint, need to be addressed in the
near future.
One of the central issues in the field-effect experiments
with organic semiconductors is realization of the intrinsic
FIG. 27: Two-probe characteristics of a single-crystal
tetracene FET with Ta2O5 as a dielectric. The figure shows
the source-drain current ISD versus source-drain voltage VSD
measured at different values of VG. The source-drain distance
is 25 µm, the width of the conduction channel is 225 µm, and
the Ta2O5 thickness is 0.35 µm. The mobility of the device
is 0.03 cm2/Vs.
FIG. 28: Two-probe gate-sweep of the same tetracene device
as in figure 27. The source current IS and the drain current
ID have the same magnitude and opposite sign, as expected.
The leakage current to the gate, IG, is typically much smaller
than the source-drain current. Ramping the gate voltage up
to high value results in a non-monotonous dependence of the
source-drain current. This is due to degradation of the device
caused by the small, but finite, current that is leaking through
the gate insulator. The degradation is irreversible: when the
same scan is repeated again, there is no field-effect and the
current through the device is zero.
(not limited by disorder) charge transport on the organic
surface. In disorder-free organic semiconductors, several
regimes of polaronic transport are expected (see, e.g.,
[1, 75]), between the limiting cases of the coherent mo-
tion in extended states (band-like polaronic transport)
at low temperatures and the incoherent hopping at high
temperatures. All these regimes are intrinsic in the afore-
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mentioned sense and all of them require better under-
standing: the incoherent polaronic hopping is pertinent,
for instance, to the devices functioning at room tempera-
ture, whereas the realization of band-like polaronic trans-
port is the Holy Grail of basic research.
We have witnessed significant progress towards real-
ization of this goal. In this respect, an important char-
acteristic of the first generation of single-crystal OFETs,
whose significance should not be underestimated, is the
device reproducibility and consistency of experimental
observations - e.g., similar mobilities have been observed
for the single-crystal OFETs based on the same organic
compound but fabricated by different teams using differ-
ent fabrication techniques. Although it might be taken
for granted that this should be the case, such repro-
ducibility has never been achieved in thin-film organic
field effect transistors: the organic TFTs are notoriously
known for a large spread of parameters, even if they were
prepared under nominally identical conditions [17, 19].
This irreproducibility is still a problem despite the fact
that OTFTs have been the subject of intense research for
a much more extended period of time than single crystal
OFETs.
The reproducibility of the OFET parameters is a neces-
sary condition for investigation of the intrinsic electronic
properties of organic semiconductors; the reproducibility,
however, does not guarantee that the electrical behavior
of the first-generation single crystal OFETs reflects the
intrinsic electronic properties of organic molecular ma-
terials. Indeed, all OFETs investigated by different re-
search groups have been fabricated on the basis of crys-
tals grown under similar conditions, and, presumably,
with a similar concentration of defects. Thus, the ques-
tion remains: how close are we to the realization of the
intrinsic transport in organic single crystal FETs?
For different temperature ranges, the answer to this
central question will be different. There are many indi-
cations that at room temperature, the best single-crystal
OFETs demonstrate the intrinsic behavior, and the
room-temperature mobility of these devices approaches
its intrinsic value. For example, observation of the
anisotropy of the mobility of field-induced charges in the
a-b plane [48] reveals for the first time (in the FET ex-
periments) correlation between the charge transport and
the underlying lattice structure. Another important ob-
servation is a moderate increase of the mobility with
cooling (over a limited T range), similar to the case of
”bulk” transport in the TOF experiments. Does this
mean that these devices disorder-free? Of course, it does
not. Since this characteristic time of the charge release
by shallow traps decreases exponentially with the tem-
perature, the shallow traps might be ”invisible” at room
temperature. However, with cooling, they start domi-
nating the charge transport in single-crystal OFETs, as
all the data obtained so far suggest: the mobility drops
exponentially, typically below 100 K. In this respect, the
low-temperature µ(T ) dependence observed in the best
single-crystal OFETs resemble the results of TOF exper-
iments with not-so-pure ”bulk” crystals. The observed
exponential drop of µ(T ) with cooling suggests that the
density of shallow traps near the surface of organic crys-
tals in single-crystal OFETs is still relatively large.
Though the low-temperature transport in single-
crystal OFETs is, most likely, disorder-dominated, it is
worth considering alternative explanations of a qualita-
tive difference between the results of OFET and TOF
experiments. It is usually tacitly assumed that the ”sur-
face” transport in OMCs is similar to the ”bulk” trans-
port, which has been comprehensively studied in the 70s
and 80s (see, e.g., [2]). However, the transport in or-
ganic FETs differs from the ”bulk” charge transport in
the TOF experiments at least in two important aspects.
Firstly, one cannot exclude a priori the existence of some
surface modes that might affect the charge transport at
the organic/insulator interface. Secondly, even at a low
gate voltage, the density of charge carriers in a two-
dimensional conducting channel of OFETs exceeds by far
the density of charges in the TOF experiments. The in-
teractions between polaronic excitations and their effect
on the charge transport in organic semiconductors is still
an open issue [76]. Thus, the experiments with single-
crystal OFETs pose new problems, which have not been
addressed by the theory yet.
Quantitative description of polaronic formation is a
challenging many-body problem. Band-type calculations
for OMC provide guidance in the search for new high-
mobility materials, but do not have predictive power
since they ignore polaronic effects [1]. For better char-
acterization of the polaronic states at the organic sur-
face, it is crucial to go beyond the dc experiments and
to measure directly the characteristic energies involved
in polaron formation. This information can be provided
by the infra-red spectroscopy of the conduction channel
in the single-crystal OFETs, a very promising direction
of the future research.
Though the current efforts are mostly focused on re-
alization of the intrinsic polaronic transport, equally im-
portant is to study interaction of polarons with disor-
der. From the history of physics of inorganic semicon-
ductors, we know how important is this research for bet-
ter understanding of charge transport and device charac-
teristics. In organic conductors, small polarons interact
strongly with disorder, and this interaction is qualita-
tively different from the interaction of electron-like exci-
tations with disorder in inorganic semiconductors. This
research, which encompasses such important issues as the
spectroscopy of the states in the band gap, mechanisms
of polaron trapping by shallow and deep traps, polaron
scattering by defects in a strongly-anisotropic medium
will be critically important for both basic science and
applications. One of the aspects of this general prob-
lem is the effect of stress on polaronic motion. Indeed,
in the field-effect experiments, it is difficult to avoid the
build-up of mechanical stress, caused by the difference in
the thermal expansion coefficients for the materials that
form an OFET. The stress in organic crystals might af-
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fect strongly the overlap between electronic orbitals, the
density of defects, and, as the result, the temperature de-
pendence of the mobility in the FET experiments. More
experiments with different FET structures are needed to
clarify this issue.
Realization of the intrinsic transport, especially at
low temperatures, requires better purification of starting
material and improvement of the crystal growth tech-
niques. There is ample room for improvement in this
direction: the first experiments on fabrication of single-
crystal OFET did not use a powerful zone-refinement
technique, which has been proven to be very useful in the
TOF experiments [4, 5]. In fact, many of the molecules
used in FET experiments, including rubrene, can be zone
refined.
To understand better the intrinsic transport in organic
semiconductors and the relation between macroscopic
electronic properties and molecular packing, the experi-
ments with OFETs based on a broader class of organic
crystals are required. Note that the experiments with
any type of organic crystals, regardless of the magnitude
of the intrinsic mobility, are important - in fact, only by
exploring materials with different crystal structures and,
hence, a wide range of µ, this problem can be adequately
addressed. However, realization of the coherent band-like
transport and improvement of the room-temperature mo-
bility in OFETs will be helped by the development of new
organic materials with a stronger overlap between elec-
tronic orbitals of adjacent molecules. In this regard, the
materials with a non-planar molecular structure similar
to that of rubrene (conjugated chains with non-planar
side groups) seem to be very promising (see, e.g., [77]).
Recent experiments with rubrene, which enabled a 10-
fold increase of the OFET mobility, illustrates how im-
portant is the effect of molecular packing on the charge
transport in organic crystals. To realize the enormous
potential of organic chemistry in ”tailoring” new organic
compounds for organic electronics, combined efforts of
chemists and physicists are required.
The use of a broader variety of organic compounds
for the OFET fabrication may also offer the possibility
to explore new electronic phenomena. An interesting ex-
ample is provided by the metal-phthalocyanines (MPc’s),
a large class of materials with isostructural molecules
that differ by only one atom - the metal element. This
metal atom determines the electronic properties of the
molecules, including the spin S in the molecular ground
state [78, 79]. For instance, among the MPc’s contain-
ing 3d transition metal elements, MnPc has S= 3/2 [80],
FePc has S= 1 [81], CoPc and CuPc have S= 1/2 [79].
In FETs based on these materials, therefore, it may be
possible to induce and control electrostatically the mag-
netic properties of organic materials, just by tuning the
density of mobile charge carrier that mediate interactions
between the local spins. Successful realization of ’mag-
netic’ OFETs would open the way for organic spintronics.
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